Abstract: Sweet potato weevils (Cylas puncticollis and C. formicarius) are notorious pests of sweet potato and cause severe losses in marketable yield. The study tested the use of Beauveria bassiana ((Balsamo) Vuillemin) (Deuteromycota: Hyphomycetes) for controlling sweet potato weevils. An experiment was conducted using four treatments: 1) dipping sweet potato cuttings in solution of 1 g/litre B. bassiana before planting, 2) spraying with the registered chemical Deltametrin at 50ml/100litre every 2 weeks for four months after planting, 3) spraying the leaves every 2 weeks with B. bassiana (10 g/100 litre) for four months after planting; and 4) a control (sprayed with distilled water). The experimental design was a Latin square with split plot design: pest management strategy as main plot factor and cultivars (Bophelo, Ndou and Blesbok) as subplot factors. Spraying with B. bassiana significantly reduced the percentage of insect damaged roots (5.31%) compared to the control (13.75%). Dipping did not significantly reduce the number of insect damaged roots (12.13%). There was no significant difference between the chemical spray (5.88% insect damage) and spraying with B. bassiana (5.31% insect damage). The preliminary investigation indicated that B. bassiana can be considered as an alternative control method for the sweet potato weevil.
Introduction
Worldwide Sweet potato weevil (SPW) (Cylas puncticollis and C. formicarius) (Coleoptera: Curculionidae) is a major constraint to sweet potato (Ipomoea batatas L.) production (Fuglie 2007 ) and causes huge losses in marketable yield. In South Africa, C. puncticollis is widespread, while C. formicarius is limited to the KwaZulu-Natal Province (Visser 2011) . Cylas species attack sweet potato both in the field and during storage. Adult weevils attack leaves while the larvae feed on roots and stems. Larval tunnelling and secondary rots reduce the size and number of roots substantially (Sorensen 2009 ). Pest damage usually continues during storage. In addition, SPW-infected roots respond by producing terpenoid compounds, which make the roots unpalatable for consumption by humans (Stathers et al. 2003) . The nature of attack by SPW and mode of feeding render them difficult to control by chemical method due to their cryptic habit which reduces the effectiveness of control (Smit et al. 2001) .
Several methods, such as crop rotation, planting of SPW-free cuttings, flooding of fields before planting and prompt harvesting, four to five months after planting, have been used with varying degree of success for control of the pest. Sex pheromones of C. formicarius were effective in controlling weevil populations in mass trapping trials in Taiwan (Hwang and Hung 1991) and Vietnam (Braun and van de Flieart 1997) but failed in Uganda (Smit et al. 2001) . In South Africa, a fortnightly spraying programme of a registered insecticide deltametrin is done as soon as the weevil is noticed. Sweet potato producers in sub-Saharan Africa are mostly small-scale, resource-poor farmers growing the crop all year round. Hence, management strategies that have been proven successful elsewhere may not be suitable for farmers in sub-Saharan Africa.
At present, biological control is an attractive option due to reduction in agro-chemicals which are associated with resistance development and environmental concerns. Beauveria bassiana is a fungus which causes https://doi.org/10.1515/opag-2017-0063 received February 2, 2017; accepted October 7, 2017 This study determined the effect of using B. bassiana on the number of roots that were damaged by sweet potato weevil (C. puncticollis), in a field trial. It also examines the cost effectiveness of using Eco-B for control of sweet potato weevil.
Materials and methods
An experiment was conducted at Agricultural Research Council -Vegetable and Ornamental Plants at Roodeplaat in Pretoria Gauteng (25.6048 S, 28 .3458 E) on a field that was previously affected by sweet potato weevils. Ethical clearance for the use of the B. bassiana on the trial was obtained from University of Fort Hare board. Four treatments were tested namely: 1) dipping sweet potato cuttings in a solution of 1 g/litre B. bassiana strain R444 (EcoBb, supplied by Amadumbi company) before planting, 2) sprays with the registered chemical Deltametrin at 50 ml/100 litre (recommended dosage) every 2 weeks for four months after planting, 3) spraying the leaves every 2 weeks with B. bassiana for four months after planting at a rate of 10 g/100 litre water; and 4) a control (sprayed with distilled water). The registered product contains B. bassiana is Eco-Bb and is produced by Plant Health Products (Pty) Ltd, registration number 2003/007987/07. The registered chemical for control of the sweet potato weevil is Deltametrin, produced by Bayer CropScience, registration number L6563 (Act No. 36 of 1947).
The experimental design was a Latin square (4x4) and within the Latin square was a split plot design with the pest management strategy (treatment) as the main plot factor and the cultivars (Bophelo, Ndou and Blesbok) as subplot factors (4x3 Latin square). The cuttings were planted on ridges 30cm high and 1m apart and 30cm between cuttings. Each plot consisted of 9 rows of 6m length planted with 180 cuttings, of which 45 were used as data plants. Fertiliser was applied according to recommendations after soil analysis. Sprinkler irrigation was used and 50ml were applied every week. The treatments were replicated four times.
Data, on total number of roots/plot, number of marketable roots/plot, total number of insect damaged roots, total yield (kg/ha), marketable yield (kg/ha), yield of insect damaged roots (kg/ha) and percentage of insect damaged roots were recorded at harvesting. The damaged roots were separated from the others. After transforming the data using a formula (Log 10 x), the computer package SAS (9.4) was used to analyse the variance between treatment means at 95% significance level using the F white muscadine disease in insects. When spores of fungus B. bassiana come into contact with the cuticle of a susceptible insect, the spores germinate and grow directly through the cuticle of the inner body of the host. Here the fungus proliferates throughout the body of the insect and produces toxins, draining the insect of nutrients and eventually killing it. Beauveria bassiana is considered a virulent pathogen against the banana weevil Cosmopolites sordidus (Coleoptera: Curculionidae) (Ondiaka et al. 2008) and has also been used successfully in the control of the coffee borer (Smit et al. 2001) .
Entomopathogenic fungi are effective as biological control agents of SPW because they are host-specific. More than 700 species of entomopathogenic fungi are found to be pathogenic to insects (Pinnamaneni and Potineni 2010) . Entomopathogenic fungi use several mechanisms to evade the insect host defence system within the haemolymph, including changes in the outer cellular layer of the fungi and the production of immunomodulating substances to suppress the host's defence system Boucias 1992, Pendiland et al. 1993) . Entomopathogenic fungi produce toxic metabolites in relatively high amounts, making them tolerant to the insect's immunological defence system. For instance, Beauveria bassiana produces 10 kDa of a proteinaceous metabolite which destroy the larvae at metamorphosis stage by disrupting the granulocytes (Mazet et al. 1994) . Death of the insect host comes as a result from depletion of nutrient resources, mechanical damage, and toxicosis (Pinnamaneni and Potineni 2010) .
Entomopathogenic fungi have been proven through numerous studies and laboratory experiments in the control of SPW. Reddy et al. 2014 at the University of Guam compared the effectiveness of entomopathogenic fungi, insecticides, and combination of both entomopathogenic fungi and insecticide in a field study to control SPW by determining the adult weevils' mortality. Results showed that Metarhizium brunneum with spinosad (insecticide) and Beauveria bassiana with spinosad caused 100% adult weevil mortality at 48 hours after treatment, while Metarhizium brunneum and Beauveria bassiana alone required 168 to 192 hours after treatment to cause 100% mortality of C formicarius. However, Ondiaka et al. 2008 determined the effect of Beauveria bassiana and Metarhizium anisopliae on adult Cylas puncticollis and fecundity and viability of female Cylas puncticollis eggs and found that, spraying of Beauveria bassiana or Metarhizium anisopliae caused adult mortality between 62.5% and 89.2%. In addition, adult females, treated with both fungal species, laid less eggs compared to control, suggesting that the fungi can significantly reduce fecundity and egg viability. was significantly higher than for Blesbok. The total yield varied from 19437 kg/ha for Blesbok to 16073 kg/ha for Ndou.
There was a significant difference in total number of insect damaged roots between the weevil control strategies (treatments) ( Table 2 ). The control had the highest number of insect damaged roots. Spraying on a fortnight basis with B. bassiana significantly (P<0.05) reduced the number of insect damaged sweet potato roots (Table 2) . Dipping the cuttings in a solution of B. bassiana did not significantly reduce the number of sweet potato roots damaged by the weevils. There was a significant difference (P<0.05) in the percentage of insect damaged roots between the weevil control strategies. Dipping the cutting and the control (spraying with distilled water) had the highest percentage insect damage. However, spraying fortnightly with B. bassiana was as effective as the chemical spray resulting test. Means were separated using the least significant difference (LSD 0.05 ) test to determine difference between the treatment means.
Results
The results revealed that there was significant difference (P<0.05) among cultivars with regards to total and marketable number of roots, and percentage of insect damaged roots (Table 1) . However, total number of insect damaged roots, total and marketable yield, and yield of damaged roots did not differ significantly among the three cultivars. Bophelo produced the highest total number of roots compared to Blesbok and Ndou. In terms of the number of marketable roots, Bophelo and Blesbok significantly exceeded that produced by Ndou. The number of roots with insect damage were highest in Ndou, which 
Discussion
Spraying fortnightly with B. bassiana can be recommended to provide equally effective control as by spraying with Deltametrin. B. bassiana can be sprayed at a rate of 10 g/100 litre on sweet potato leaves every 2 weeks as an alternative control method for the SPW. The different control treatments were significantly different only for total number of root damaged by insects. The number of roots with insect damage was highest in Ndou, which was significantly higher than for Blesbok. However, the number of marketable roots was not increased due to spraying with chemical, as was expected. The probable reason was that the total number of roots that was produced for the control treatment was highest as compared to the other treatments. Thus, although the total number of insect damaged roots was high for the control treatment, it managed to reduce the number that were damaged. Therefore, the number of undamaged roots was no lower than the other treatments. It should also be known that other factors were in play, in 5.31 and 5.88% insect damaged roots, respectively, compared to 13.75 and 12.13% for control and dipping, respectively (Table 2) . Thus, spraying fortnightly with B. bassiana reduced insect damage by 61%. There was no significant difference in number of marketable roots per plot, total yield of insect damaged roots, total yield and marketable yield between the four weevil control strategies (treatments).
The marketable yield for the interaction between cultivar and weevil control strategy ranged from 5682 kg/ ha to 11754 kg/ha (Table 3 ). The number of marketable roots per treatment ranged from 18 to 46. Comparing cultivars, Ndou yielded 18 roots per plot, which produced 7941 kg/ha and 33 roots, which produced 10945 kg/ha for the spray and control respectively (Table 3) . Bophelo produced the highest number of roots in all treatments, and thus clearly had a smaller root, as is also apparent from Table 1 . There was a reduction in the number of insects damaged roots due to spraying with the registered chemical and the fungus. such as the number of tubers that were too small or too big to be considered marketable and mechanical damage during harvesting. The percentage of insect damage was high for the control and dip treatments (Table 3 ). The total yield in the present study was between 19437 kg/ha and 16073 kg/ha, while in a previous report from South Africa, total yield ranged from 14810 to 76000 kg/ha for a wide range of environments (Stathers et al. 2003) . B. bassiana is generally non-toxic to beneficial insects, however, applications to areas where bees are actively foraging should be avoided. Dipping the cuttings into solution with the fungus did not significantly reduce the number of damaged tubers. This might be due to the trial being conducted in a temperate region where frost occurs during winter thereby reducing the population of sweet potato weevil. In other climates, e.g. subtropical areas, dipping may be more feasible.
Since large economic losses are caused by sweet potato weevil, biocontrol through B. bassiana is an attractive option. Biological control agents are biodegradable, and advantageous over chemical due to possible improper disposal and seeping of chemicals into the ecosystem, which can have adverse effects on the environment and human health. Eco-Bb is cheaper than using registered chemical per hectare. However, there is a need to repeat the trials in different agro-ecological areas to confirm the results. If the results prove to be successful it will be possible to advocate for registration of Eco B as biological control for sweet potato weevil. As in banana, where weevil (Cosmopolites sordidus) is a severe pest, there is potential that B. bassiana can be used successfully in the control of sweet potato weevil (Cylas formicarius). It managed to reduce the percentage of insect damaged roots (5.31%) just as the registered chemical deltametrin (5.88%) compared to the control treatment that had 13.75% insect damage. It will also help farmers to realise larger returns on investment since Eco-Bb is cheaper than the registered chemical.
The cost of Eco-Bb was R456 per 300 g while Deltametrin (Decis) costs R855 per litre. For control of weevil, 300 g of Eco-Bb can be used per hectare using a 30 x 10 g/100litre of water formulation. Since 30 X 50 ml/100 litre of water formulation will spray one hectare, 1.5 litres of Deltametrin can be used per hectare. The cost of controlling sweet potato weevil using Eco-Bb will be R456/ha while with Deltametrin the cost to the farmer will be R1282/ha.
